1. Introduction
===============

Lung cancer remains the leading cause of cancer-related death worldwide, and non-small cell lung cancer (NSCLC) accounts for approximately 80% of all cases ([@b1-mmr-05-04-0890],[@b2-mmr-05-04-0890]). Although novel therapies targeting early diagnosis have been developed, the 5-year survival rate for NSCLC patients remains at a low 15% ([@b3-mmr-05-04-0890]). Therapy in NSCLC has reached a plateau. This unfavourable outcome is due to our relatively limited understanding of tumor pathogenesis and gene expression profiles. Understanding genomic medicine may therefore aid investigations into the oncogenesis of lung cancer, and may also yield prospects in accurate molecular diagnosis, new biomarkers and risk stratification of lung cancer.

The study of *C. elegans* has facilitated an important discovery: the existence of non-coding microRNAs (miRNAs). These tiny fragments of RNA (approximately 22 nucleotides long) regulate gene expression by hybridizing to complementary sequences in the 3′ untranslated region (3′UTR) of target messenger RNA (mRNA). These RNAs thereby repress the translation of mRNA and silence gene expression by either cleaving target mRNAs or inhibiting their translation ([@b5-mmr-05-04-0890]). In their study, Bartel *et al* reported that these small non-coding, endogenous, single-stranded RNAs regulate gene expression, especially at the post-transcriptional level ([@b6-mmr-05-04-0890]). miRNAs play a significant role in a wide variety of pathways by regulating gene expression at the post-transcriptional level. It is well known that almost half of the genes are regulated by miRNAs, which are located in cancer-associated genomic regions or fragile genomic sites ([@b4-mmr-05-04-0890]). Weiss *et al* reported that miRNA-128b directly regulates epidermal growth factor receptor (EGFR); the EGFR mutation is known to correlate with the oncogenesis of lung cancer. Emerging evidence suggests that miRNAs may control lung cancer development and play a critical role in its oncogenesis and pathogenesis ([@b7-mmr-05-04-0890]--[@b15-mmr-05-04-0890]).

miRNAs are short nucleotide strands that are more stable than several proteins and mRNA, which are less prone to enzymatic degradation by RNAses. Furthermore, miRNAs can be measured from formalin-fixed paraffin-embedded samples and bodily fluids, such as blood samples, which can be obtained easily and using non-invasive methods ([@b16-mmr-05-04-0890]). Mitchell *et al* showed that miRNAs are also present in human plasma in a markedly stable form that is protected from endogenous RNase activity. Tumor-derived miRNAs in the serum or plasma are an important method for the blood-based detection of human cancer ([@b17-mmr-05-04-0890]). Since miRNAs play a substantial role in lung cancer and since detection samples can easily be obtained, miRNAs become a promising means of comprehending the oncogenesis and pathogenesis of lung cancer.

In this review, we briefly describe the role of miRNAs in lung cancer pathogenesis, as predictors of chemoresistance, as biomarkers for risk stratification and as tools for prognostic assessment in lung cancer.

2. Defects in the microRNA processing and lung cancer
=====================================================

miRNA genes are located within the introns or exons of protein-coding genes, as well as in intergenic areas. miRNA genes are transcribed by RNA polymerase II or III into primary miRNA transcripts (pri-miRNAs), which are then cleaved into B70 nucleotide-long precursor miRNAs (pre-miRNAs) by the nuclear microprocessor complex formed by the RNase III Drosha and DiGeorge syndrome critical region gene 8 (DGCR8). Pre-miRNAs are transported by the exportin-5 into the cytoplasm, where they are cleaved to generate the final products of 22 nucleotides by Dicer. In brief, miRNAs are processed by the type III double-stranded RNase Dicer, and function in an RNA-based mechanism of gene silencing ([@b18-mmr-05-04-0890]). A summary of the miRNA processing is shown in [Fig. 1](#f1-mmr-05-04-0890){ref-type="fig"}.

Global repression of miRNA biogenesis by suppression of the key components of miRNA processing machinery, such as Drosha, DGCR8, DICER1, TRBP and XPO5, promotes cellular transformation and tumorigenesis ([@b19-mmr-05-04-0890]--[@b22-mmr-05-04-0890]). In 2007, Kumar *et al* found that miRNA processing-impaired cells formed tumors with accelerated kinetics in animals. These tumors were more invasive than control tumors. Furthermore, deletion of DICER1 enhanced tumor development in a K-Ras-induced mouse model of lung cancer ([@b19-mmr-05-04-0890]). TAR RNA-binding protein 2 (TARBP2) encodes an integral component of a DICER1-containing complex. Melo *et al* showed that the presence of TARBP2 frameshift mutations causes reduced TRBP protein expression and a defect in the processing of miRNAs. The reintroduction of TRBP in the deficient cells restores the efficient production of miRNAs and inhibits tumor growth. Notably, TRBP impairment is associated with destabilization of the DICER1 protein ([@b20-mmr-05-04-0890]). Hill *et al* reported that DICER1 mutations are associated with familial pleuropulmonary blastoma ([@b21-mmr-05-04-0890]). Recently, Melo *et al* demonstrated a genetic defect in exportin-5 traps precursor miRNAs in the nucleus of cancer cells. This observed genetic defect is responsible for nuclear retention of pre-miRNAs, thereby reducing miRNA processing. The restoration of XPO5 function reverses the impaired export of pre-miRNAs and has tumor suppressor characteristics ([@b22-mmr-05-04-0890]). Therefore, impairment of these biosynthesis checkpoint control mechanisms of mature miRNAs in cancer cells may lead to an abnormal expression profile of these small non-coding RNAs, thus enhancing the tumorigenic process.

Accordingly, it is suggested that miRNAs have an intrinsic function in tumor inhibition, and their down-regulation eventually accelerates oncogenesis.

3. microRNAs as tumor inhibitors or oncogenes in lung cancer
============================================================

More and more studies report that the mutation or aberrant expression of many miRNAs has often been found in cancer patients, leading to the study of miRNAs as regulators of oncogenes and tumor inhibitor genes. Hammond has shown that miRNAs, whose expression is increased in tumors, may function as a novel class of oncogenes or tumor inhibitor genes ([@b15-mmr-05-04-0890]). In cell studies, Johnson *et al* reported that all synthetic pre-let-7 molecules reduced the cell number in transfected A549 lung cancer cells compared to a negative control miRNA, and inhibition of let-7 with an anti-let-7 molecule results in a 100% increase in the number of A549 cells compared to a control transfection and other tested anti-miRNA (anti-oncomirs). These authors concluded that cell growth is inhibited by the overexpression of let-7 miRNA in the A549 cell line, which functions as a tumor suppressor ([@b23-mmr-05-04-0890]). Kumar *et al* not only showed that in lung cancer cells the ectopic expression of let-7g induced both cell cycle arrest and cell death, but also demonstrated that in an autochthonous model of NSCLC in the mouse, let-7g expression substantially reduced lung tumor burden ([@b24-mmr-05-04-0890]). Esquela-Kerscher *et al* found that lung adenocarcinoma is capable of being repressed by administering let-7 intranasally ([@b25-mmr-05-04-0890]). Briefly, it is suggested that the miRNA let-7 family functions as a tumor inhibitor in cell and animal studies.

Aside from the let-7 family, Davidson *et al* noted that miR-218 expression was down-regulated in 85% (33/39) of NSCLC tumor compared to paired normal lung; statistically significant decreases were observed in both squamous cell carcinomas (p\<0.0001) and, to a lesser extent, in adenocarcinomas (p=0.001). This down-regulation of miR-218 was found to be associated with a history of cigarette smoking; thus, it was reported that miR-218 is a strong candidate tumor suppressing miRNA potentially involved in lung cancer ([@b26-mmr-05-04-0890]). Wang *et al* reported that the expression levels of miR-451 were found to be significantly correlated with tumor differentiation, pathological stage and lymph node metastasis ([@b27-mmr-05-04-0890]). Moreover, low miR-451 expression levels were also correlated with shorter overall survival of NSCLC patients (p\<0.001). Furthermore, these authors observed that miRNA-451 functions as a tumor inhibitor in human NSCLC by targeting ras-related protein 14 (RAB14) ([@b27-mmr-05-04-0890]).

In other respects, several miRNAs functioning as oncogenes, known as oncomirs, usually promote tumor progression by negatively inhibiting tumor suppressor genes. Liu *et al* recently reported that the engineered knockdown of miR-31 substantially repressed lung cancer cell growth and tumorigenicity in a dose-dependent manner ([@b28-mmr-05-04-0890]). They also showed that miRNA-31 functions as an oncogenic miRNA by repressing specific tumor suppressors, such as large tumor suppressor 2 (LATS2) and PP2A regulatory subunit B α isoform (PPP2R2A) ([@b28-mmr-05-04-0890]).

4. microRNAs as biomarkers for chemoresistance or chemosensitivity in NSCLC
===========================================================================

Several studies have demonstrated that aberrant miRNA expression, resulting in altered function of the target mRNA, which affects the expression of the target proteins and fundamentally silences the target gene ([@b29-mmr-05-04-0890]), can be related to chemotherapy resistance. Mechanisms of drug resistance are often associated with changes in relevant proteins, such as PTEN, PDCD4, P-glycoprotein (P-gp) and multidrug resistance 1 (MDR1).

Current investigations support the hypothesis that the over- or under-expression of any miRNA is directly linked to a patient's response to chemotherapeutic agents. Specific examples of miRNAs related to chemoresistance have been discussed in the literature. For example, Ranade *et al* recently reported that the miRNAs significantly associated with chemoresistance in SCLC were miR-92a-2\* (p=0.010), miR-147 (p=0.018) and miR-574-5p (p=0.039). Among these miRNAs, higher tumor miR-92a-2\* levels are associated with chemoresistance and with decreased survival in patients with SCLC. Therefore, tumor miR-92a-2\* may be applied in the screening of patients with SCLC at risk for *de novo* chemoresistance ([@b30-mmr-05-04-0890]). These miRNA biomarkers may assist in treatment stratification and may also predict chemoresistance for SCLC.

A number of miRNAs have also been shown to be differentially expressed in docetaxel-resistant NSCLC, such as specifically increased levels of miR-98, -192 and -424, and decreased levels of miR-194, -200b and -212 ([@b31-mmr-05-04-0890]). Recently, Xie *et al* found that cell-free miRNAs in the supernatant of effusions may aid in the diagnosis of malignancy and predict chemosensitivity to docetaxel ([@b32-mmr-05-04-0890]). Ceppi *et al* found that miR-200c overexpression restored the sensitivity of NCI-H1299 cells to cisplatin and cetuximab ([@b37-mmr-05-04-0890]). Zhu *et al* found that miR-497 was down-regulated in the multidrug-resistant human lung cancer cell line A549/cisplatin (CDDP), and the down-regulation of miR-497 was concurrent with the up-regulation of the BCL2 protein. Using an *in vitro* drug sensitivity assay, these authors demonstrated that an overexpression of miR-497 sensitized A549/CDDP cells to anticancer drugs. The luciferase activity of BCL2 3′UTR region-based reporter constructed in A549/CDDP cells suggested that BCL2 was the direct target gene of miR-497. Enforced miR-497 expression reduced the BCL2 protein level and sensitized A549/CDDP cells to VCR- and CDDP-induced apoptosis, respectively ([@b38-mmr-05-04-0890]).

The various studies regarding miRNAs as biomarkers for chemoresistance in NSCLC and SCLC are shown in [Table I](#tI-mmr-05-04-0890){ref-type="table"}. These examples clearly demonstrate the role of miRNAs in chemo-sensitivity/-resistance, and show that manipulating miRNAs may be beneficial in modulating cancer chemoresistance and chemosensitivity. Therefore, miRNAs serve as the most accurate predictive biomarkers in establishing personalized medicine currently available in the market, providing the most precise prognosis for treatment response and outcomes. miRNAs should be used, first, as biomarkers to predict drug resistance or sensitivity in order to establish the most appropriate personalized treatment, and, second, as possible drug targets to reverse resistance. We also anticipate that the therapeutic development of miRNA mimics or antagomirs may reveal novel therapies and improve prognosis for NSCLC.

5. EGFR signaling pathway and miRNAs
====================================

The potent role of EGF in transforming normal cells into tumors, with specific implications for lung cancer, had already been observed by the early 1980s. Recently, EGFR signaling and EGFR mutations became a controversial topic of NSCLC studies. In pace with the recent studies of miRNAs and the EGFR signaling pathway, it has gradually become evident that a relationship exists between miRNAs and the EGFR signaling pathway. miRNAs are emerging as important modulators in cell pathways. Certain miRNAs down-regulate lung cancer through the EGFR signaling pathway. For example, Dacic *et al* demonstrated that miR-155 was up-regulated only in the EGFR/KRAS-negative group, miR-25 was up-regulated only in the EGFR-positive group and miR-495 was up-regulated only in the KRAS-positive adenocarcinomas. By contrast, let-7g was down-regulated in all three groups, with more significant down-regulation in the EGFR/KRAS-negative adenocarcinomas ([@b39-mmr-05-04-0890]). The study by these authors showed that among lung adenocarcinomas, some miRNAs showed unique expression patterns, which were strongly correlated with the mutation type, suggesting different carcinogenic pathways for these tumors. These miRNAs can be further explored for their diagnostic role and as biomarkers for targeted therapies ([@b39-mmr-05-04-0890]).

Seike *et al* reported a significant correlation between phosphorylated-EGFR (p-EGFR) and miR-21 levels in lung carcinoma cell lines, suggesting that EGFR signaling is a pathway positively regulating miR-21 expression. The aberrantly increased expression of miR-21, which is further enhanced by the activated EGFR signaling pathway, plays a significant role in lung carcinogenesis in never-smokers, as well as in smokers, and is a potential therapeutic target in both EGFR-mutant and wild-type cases ([@b40-mmr-05-04-0890]). Webster *et al* found that miR-7 down-regulates EGFR mRNA and protein expression in cancer cell lines (lung, breast and glioblastoma), inducing cell cycle arrest and cell death ([@b41-mmr-05-04-0890]). Furthermore, these investigators found that miR-7 attenuated the activation of protein kinase B (Akt) and extracellular signal-regulated kinase 1/2, two critical effectors of EGFR signaling, in different cancer cell lines ([@b41-mmr-05-04-0890]). Cho *et al* reported miR-145 in the negative regulation of EGFR and NUDT1 expression at both the mRNA and protein levels. Further analysis showed that miR-145 is capable of inhibiting cell proliferation on transfected lung adenocarcinoma cells over three time points (24, 48 and 72 h). Up-regulation of miR-145 appeared to be an important gene regulation mechanism for the proliferation of lung adenocarcinoma cells and it correlated strongly with the down-regulation of EGFR and NUDT1 ([@b42-mmr-05-04-0890]). Despite the progress that has been made, much uncertainty remains regarding the role of miRNA and EGFR in human cancer. We believe that extensive miRNA studies are likely to yield promising evidence explicating the function of miRNA regulation and the EGFR network in lung cancer.

6. microRNAs as risk stratification and prognosis prediction in NSCLC
=====================================================================

In an era of personalised medicine, accurate prognosis has become the focus of considerable attention, with studies in miRNA becoming more and more relevant. Investigators have been using miRNA expression signatures not only to classify human cancers, but also to define miRNA markers that may provide favorable prognosis ([@b10-mmr-05-04-0890]). Saito *et al* investigated the expression of miR-21, miR-17 and miR-155 measured by quantitative RT-PCR in tissues from 317 NSCLC patients ([@b43-mmr-05-04-0890]). They found that more advanced stage tumors expressed significantly higher levels of miR-21 compared to TNM stage I tumors. TNM stage I patients were evaluated separately and elevated levels of miR-21 were found to be associated with higher rates of cancer mortality (HR=2.16; 1.11--4.21) and relapse-free survival, independent of other clinical factors. This finding suggests that an increased miR-21 expression is associated with disease progression and survival in stage I lung cancer, and the expression of miR-21 may contribute to early-stage prognostic biomarkers for lung adenocarcinoma ([@b43-mmr-05-04-0890]).

Boeri *et al* explored the miRNA expression profiles of lung tumors, normal lung tissues and plasma samples from cases with variable prognosis ([@b44-mmr-05-04-0890]). miRNA expression analyses in plasma samples collected 1--2 years prior to the onset of disease, at the time of CT detection and in disease-free smokers enrolled in the screening trial, resulted in the generation of miRNA signatures with strong predictive, diagnostic and prognostic potential (area under the ROC curve ≥0.85). These results indicate that miRNAs play a role in lung tissues and plasma as molecular predictors of lung cancer development and aggressiveness, and have theoretical and clinical implications for lung cancer management ([@b44-mmr-05-04-0890]). These results suggest that the integration of microarray-based genomic information with existing clinicopathological models may enhance the ability of clinicians to determine the most effective treatment for individual patients. Such a strategy may improve survival rates and reduce treatment-related morbidity in NSCLC patients. Roybal *et al* showed that the miR-200 family is part of a gene expression signature that predicts poor prognosis in lung cancer patients. Furthermore, they found that forced miR-200 expression suppressed Flt1 levels whose knockdown decreased the growth and metastasis of tumor cells. Therefore, they conclude that miR-200 suppresses lung tumorigenesis by targeting Flt1, which correlates inversely with the duration of survival ([@b45-mmr-05-04-0890]).

miRNA signature is a novel method that may provide fresh insight to old problems. It is difficult to say whether miRNA signature is superior or inferior to gene expression profiling, with respect to risk stratification and prognosis prediction. A recent study by Voortman *et al* investigated the prognostic and predictive values of miRNA expression for survival using a Cox model, which included every factor used in stratified randomization, clinicopathological prognostic factors and other factors statistically related to miRNA expression. Results by these authors indicated that the miRNA expression patterns examined were neither predictive nor prognostic in a large patient cohort with radically resected NSCLC, randomized to receive adjuvant cisplatin-based chemotherapy vs. follow-up only ([@b46-mmr-05-04-0890]). Therefore, the role of miRNAs in outcome prediction remains controversial and requires further investigation.

In conclusion, miRNAs have emerged as one of the key players in regulating gene expression. Numerous studies have reported the implications of miRNAs in virtually every carcinogenesis process of lung cancer, including tumor development, apoptosis, invasion and metastasis, as well as anticancer drug resistance. Thus, miRNAs are not only promising biomarkers for chemoresistance that are likely to guide personalized treatments, but they also precisely and directly target agents that may develop personalized medicine and improve prognostics.
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###### 

microRNAs as biomarkers for chemoresistance in NSCLC and SCLC.

  miRNA                   Cancer type   miRNA intracellular levels   Protein target          Drug                               Biomarker or confirmed in resistance   Ref.
  ----------------------- ------------- ---------------------------- ----------------------- ---------------------------------- -------------------------------------- ---------------------------------------------
  −21                     NSCLC         Increased                    PTEN                    N/A                                B                                      [@b32-mmr-05-04-0890]
  −21, −23b               NSCLC         Increased                    TKR                     Erlotinib, sunitinib, vandetanib   R                                      [@b34-mmr-05-04-0890],[@b35-mmr-05-04-0890]
  −92a−2, −147, −574−5p   SCLC          Increased                    N/A                     Platinum                           R                                      [@b30-mmr-05-04-0890]
  −98, −192, −424         NSCLC         Increased                    N/A                     Docetaxel                          B                                      [@b31-mmr-05-04-0890]
  −194, −200b, −212       NSCLC         Decreased                    N/A                     Docetaxel                          B                                      [@b32-mmr-05-04-0890]
  −221, −222              NSCLC         Increased                    Kit, p27, PTEN, TIMP3   TRAIL                              B                                      [@b36-mmr-05-04-0890]
  −424                    NSCLC         Decreased                    N/A                     Erlotinib, vandetanib              R                                      [@b34-mmr-05-04-0890]

NSCLC, non-small cell lung cancer; SCLC, small cell lung cancer; B, biomarker; R, resistance.
